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1. INTRODUCTION 0
U

Over the past decade, finite element (FE) analysis of a conventionally launched projectile subjected

to pressure loading has become a necessary step in the munition design process. A methodology has been

developed which allows for a iwo-dimensional, quasi-static analysis, that is, a static balance betv\ecn peak

pressure and a resisting body force acceleration. Techniques for simplified modeling of threaded

interfaces, fins, and nosetips have also been formulated.

Electromagnetic (EM) railguns differ from conventional propellant gun systems in that the% do not

use a pressure load on the surface of a projectile as the propulsion force. but a body force acceleration.

provided by current conducted through a solid armature in a magnetic field The mode of opcration of

EM guns has been detailed elsewhere, and the interested reader is encouraged to rexcA the ( nic tormlon

presented in the literature (Price et a]. 19X7, Jamison and Burden 1989. Mongcau I'IAth

While EM guns and gas pressure guns arc different, the means of e\amining a projecýilce ,trudtural

integrity are the same. Various assumptions are required \,hen modeling the projectile gcomnc[N to alhA

for a two-dimensional quasi-static analysis. Many of the techniques ,alidalcd in prc\,iou, proictIik * 0
analyses of conventional gun systems have application in E.M projectile analysis and % ill be utIlI/cd hcrn

The details of these modeling assumptions and the results of the subsequent analsis Ai•l be d pnmar\

focus of this report.

One concern unique to the EM projectile designer is the shortened rise ImeC of the ohrC toadrr2. :n

comparison to that of gas pressure. While this capability may be bencficial bh allow iog hor ,hontcr ha.rre

lengths, it may possibly introduce stress waves to the structure leading to clcvatcd ,ires tate' that mdx,

be catastrophic. A quasi-static analysis would fail to account for these dynarnic Clefcls lhus. whonr

dealing with reduced rise times it is important to perform a transient dynamitc anral i,,, I tic Liecnimeni. Jail

available FE code ANSYS (DeSalvo and Gorman 1989) \As used for the analyses detacild in this re•,rl

because of its abilit. to determine structural response under time-dependent loading F-isc diflcrcnt load

profiles were considered for the transient analysis. The initial static analysis utili/ed the tsno peak loadings

from the five load profiles. Ultimately, the influence of pulse shape is assessed as a lunction of the

projectile stress-state.

II



It is important to point out that this work was performed with the intention of developing a generic

EM projectile design and analysis methodology using finite element techniques. The projectile modeled

served only as a vehicle on which to refine the modeling technique, with the analysis not intended to S

produce a design with tactical applications.

2. PROJECTILE DESIGN AND MODELING

The projectile design under consideration is the result of a design study to support the Cannon Caliber

Electromagnetic Launcher (CCEML) effort. The methodology used to attain an integrated launch package

design considers the target performance at range and was first used for the 0.60-cal. armor-piercing

fin-stabilized discarding armature (APFSDA) projectile package (Zielinski 1991). Subsequent to that

analysis, the methodology was applied to a cannon-caliber type launcher (Zielinski 1990). The design

procedure uses static, simplified mechanical analysis to determine rod and armature structural integrity.

The selected APFSDA configuration which satisfied the CCEML performance requirements has a

23-mm bore diameter, a 0.194-lb (89-g) launch mass, and a muzzle velocity of 7,710 ft/s (2,350 m/s).

Also, the analysis assumed a sinusoidal current pulse, with the half-cycle terminated at the end of the 2-m

barrel length (Zielinski 1993). 0 0

A plastic-composite fin assembly with four blades attached was incorporated in the design to provide

a means of flight stabilization. Figure 1 shows a complete assembly of the EM projectile. A dimensioned

drawing of the sabot/armature is shown in Figure 2. Note, the integrated launch package is not 0

axisymmetric. To simplify the analysis and keep it two-dimensional, it was decided to adjust the density

of the asymmetric armature over its rear 0.9 in (2.3 cm). The resultant density was 65c that of aluminum

and allowed for this rear portion of the armature to be modeled as a cylinder. The specific calculations

for determining this value are presented in the Appendix. Figures 3 and 4 are provided to show the

geometries of the penetrator and fin hub, respectively.

A few other assumptions were made to simplify the geometry of the FE model. The mass of the fin 0

blades was lumped into the fin hub to allow for cylindrical modeling of the tail section. A similar

approach was taken in squaring off the penetrator nose. In both cases, the length of the cylindrical masses

was chosen to keep the center of gravity of the entire structure from shifting.

0
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Figure 1. Assembly drawing of EM projectile.
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Figure 2. Dimensioned drawing of sabot/armature.
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Initially, it was decided to model each of the 34 teeth of the penetrator and sabot along their interface.

Figure 5 shows the grid pattern used for each groove, with 16 elements utilized in both penetrator and

sabot. Nodes were shared between the penetrator and sabot along the driving flank of each tooth and are I

therefore, in effect, bonded. A 0.001-in (0.00254-cm) gap was modeled between the nondriving surfaces

of the teeth.

The rear nongrooved interface of the penetrator and sabot was modeled with gap elements provided

in the ANSYS code which allow for sliding and opening along the interface. It is important not to bond

the nodes between these two structures because this would provide an additional driving surface and allow

for stress relief of the armature via additional load being camied by the tungsten core.

The final decision to be made for the modeling effort concerned the way to represent the EM loading.

Previous analytical work has shown that the current density through the armature is concentrated heavily

towards the rear of the armature (Powell, Walbert, and Zielinski 1993). While ANSYS has the capability

of placing internal force loads within a structure, it was decided to adopt a simplified approach.

Therefore, the approach adopted applied a pressure along the back surface of the armature to provide a

force equivalent to the actual EM load. It was desired to investigate two different load cases, one

providing a peak force of 39,500 lbf (176 kN) and a second having a peak of 52,600 lbf (234 kN). I •

Newton's Second Law of Motion was used to calculate accelerations of 201,000 and 268,000 g's for the

two cases. The applied pressures were calculated by dividing the previous peak forces by the area of the

armature over which the pressure is to be applied. The resultant pressure values used in the FE analysis

were 70,860 psi (489 MPa) for the less severe load case and 94,212 psi (650 MPa) for the high load case.

The final modeled geometry of the projectile is displayed in Figure 6. There are more than 3,300

elements due to the detailed modeling of the grooved interface region. Radial constraints were placed

along the top of the sabot/armature to represent the presence of the gun barrel. This geometry model, with

the less severe load case (176 kN). was used to begin the analysis.

5
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3. RESULTS OF THE PRELIMINARY ANALYSIS

XJ
The initial analysis of the projectile described in the previous section showed extremely high stresses I

in the rear teeth of the penetrator/sabot interface. The model also experienced numerical convergence A"

problems associated with the use of gap elements. The material properties of the aluminum were extended

to include the plastic regime to allow deformation in an attempt to reduce stresses. Also, the ANSYS

manual suggested that ramping the load to its peak value would aid in the convergence of the gap

elements, and this advice was followed (DeSalvo and Gorman 1989). The mass of the model was

calculated by the code to be 0.196 lb (89 g), which agreed with the previously calculated value and

provided confidence that the geometry model of the projectile was correct (Zielinski 1990).

With multiple load steps and a plasticity model for the aluminum incorporated, the model was rerun.

Again, the results showed excessive stress levels in the rear teeth, but the sabot exhibited severe

deformation with convergence of the gap elements achieved. This information led to efforts to reduce the

stresses present in the projectile.

At this point in the analysis effort, a hardware problem was encountered with the computer system

in use. The FE work had been performed on a RISC-based processor in a HP730 workstation. This 0

system has the ability to process 76 million instructions per second (MIPS). An analysis of the EM

projectile with plasticity material models, gap elements, and multiple load steps required approximately

8 1/2 hours to complete. With this system down, the available alternative was a Motorola-based processor

on an Apollo ring, capable of processing 7.5 MIPS. Thus, continuing on with the present model would

have taken at least 10 times longer to perform an analysis run than on the HP machine. Facing the

prospect of a 3-1/2 day run per quasi-static run on the slower system and with even lengthier runs

resulting from transient analyses, it was decided to modify the grid of the FE model.

FiIst, the grooved interface was modeled using a material that represented the tungsten-aluminum

mated teeth. This material was given a density equal to one-half the sum of the densities of tungsten and

aluminum to represent this interface to maintain a correct projectile mass. The material was then given

an elastic modulus equal to that of aluminum since this is the less stiff of the two materials which

comprise the interface region. This procedure has become commonplace in the analysis of conventional,

gas pressure loaded, projectile analysis (Sorensen 1991). Adoption of these assumptions for the grooved

interface allowed for the use of a much coarser mesh.

7



Another decision made to reduce the complexity of the analysis, and subsequently reduce run time,

was to cease with the use of gap elements along the nongroovcd penctrator/armature interface, thereby U,

eliminating the need to perform multiple load steps. Instead, the elements in this region were given very

small values for the elastic modulus in the radial direction. This was done so as not to allow for the ,

transfer of load from the armature to the penetrator and anificially reduce the stress level.

The modifications previously outlined were incorporated, the analysis was continued on the Apollo

ring, and the results mirrored those obtained previously. Again, the rear tooth region showed excessive

stress levels with plastic deformation of the sabot leading to the belief that the new model on the new

machine was consistent with the work done previously. Therefore. efforts were initiated to reduce the

stress state.

4. ANALYSIS OF THE MODIFIED PROJECTILE

It was felt that increasing the length of the grooved interlace would greatly reduce the magnitude of

the stress contours through the projectile. Therefore, the length of the grooves was extended to span the

entire length of the pcnctrator/sabot surface. The convention of employing an adjusted material for the

annular grooves was continued and eliminated the need to reduce the modulus of material along the rear

o1 the interface as had been previously assumed. The plasticity material model was also dropped.

The results of this analysis showed that the stress contours had been reduced to acceptable levels. A

color plot is shown in Figure 7 with the stress levels listed at the right and given in pounds per square

inch (psi). The maximum stress in the rod is seen to be 157 ksi (I.0()0 MPa), well below its yield value

of 246 ksi (1,690 MPa. A look at the aluminum sabot shows a maximum through effective von Mises

stress of 54 ksi (37(0 MPa), also well below iL, •eild value of 82 ksi (565 MPa). The stresses in the axial •

direction were seen. as expected. to be approximatel. 701 ksi i483 MlPa), the applied pressure load. The

maximum effective stress value does net have as high a level as the applied pressure due to the radial

constraints imposed on the horcriders which assists in spreading the load to the hoop direction. An elastic-

plastic analysis of the redesign was also perlormcd w, ith little change to the stress values, which is as

expected since the stress levels fell %%ell short of the malenal elastic limits.

Another case which increased the length of the grooved interface over that of the original design but

left (0.13 in (0.33 cmý ungroovcd at the rear ', as run. For this case. the maximum effective stress in the

• • • •• • •
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concentration is something which could be handled by a change in geometry of the design. Since the

scope of this effort is on development of the analysis techniques and not on design techniques, no physical IN"

changes were made. In an actual design effort, this stress concentration would need to be further 0

addressed.

Another case of the high load profile was run with the radial boundary constraint removed, providing

the armature with complete freedom of outward movement. While it is recognized that this too is not an

accurate physical model (the rails do provide some restriction on the armature's radial motion), it was felt

that this case, accompanied with the previous one, would bracket the range of possible armature motion

and the stresses which result. Lacking a true representation of the rail separation, this was felt to be the

best approach.

The results of the unconstrained case are shown in Figure 10, and not unexpectedly, the effective

stress through the armature has risen appreciably to 92.5 ksi (638 MPa), a 27% increase. The lack of a

radial constraint reduces the load carrying capability in the hoop direction. This also causes an increase

in the penetrator stress to 223 ksi (1,538 MPa). This then points up the importance of establishing

realistic boundary conditions when performing the FE analysis. A poor choice of boundary conditions

can lead to a projectile which lacks sufficient robustness to withstand launch conditions being deemed

acceptable. This highlights the point that the FE codes are tools which provide results only as accurate

as the physical reality of the input.

5. TRANSIENT ANALYSIS

Previous work has shown the shorter rise times typical of EM launches can lead to an amplification

of the stress levels due to the generation of stress waves (Bannister, Burton, and Drysdale 1991). While

that work focused on a lengthier projectile subjected to a much shorter rise time loading than the cases

under consideration here for the 23-mm projectile, it remains important to consider the effects of stress

waves for projectile loadings whose rise times approach the time required for these waves to sufficiently

dampen out. A saboted projectile is an undamped system, thus requiring a stress wave to traverse the

length of the penetrator numerous times before attaining a steady-state value approaching zero. Work

done investigating stress waves dirough bare rods showed that rise times greater than five times the transit

time, the time required for a pulse to travel down the length of the penetrator and back, were of sufficient

duration to ensure sufficient damping of the stress waves (Bender 1989).

13 Following Page Intentionally Left Blank
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Figure 11. Plots of acceleration profiles used as loading conditions.

Table 1. Acceleration Profile Parameters

Acceleration Time of Peak Time of Travel to •
Case No. Peak Acceleration Acceleration Muzzle exit

(g) (ms) (ms)

1 268,000 0.80 3.55

2 268,000 1.45 8.025

3 201,000 0.45 2.70

4 201,000 0.80 5.50

5 201,000 1.45 4.25

The acceleration profiles were resolved to pressure values every 25 pis, which determined the number

of ramped load steps used in the FE run. For instance, case 3 had a muzzle exit time of 0.0027 s, which

results in 108 load steps (0.0027/0.000025). The other important consideration for the transient analysis

was selection of an integration time step which is established by the selection of the number of iterations

per load step. The ANSYS code suggests guidelines to ensure the integration time step is sufficiently

small to resolve the motion of the structure, as well as account for possible wave propagation (Desalvo

17
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and Gorman 1989). Using the ANSYS criteria. a value of 0.1 ps was chosen as the integration time step.

This then provided for 250 iterations per load step in the FE code. B

Having deemed a vyre small time step necessary. it was decided to derive another FE model of the

projectile geometrN utili/ing a coarser grid to reduce the time required to perform a single analysis run.

The model was reduced from 733 elements to 287 elements and rerun with a quasi-static pressure load.

There was no appreciable difference in the stress contours between these two models, so the more coarsely

gridded projectile was carried forth for use in the transient analysis.

The five transient cases were run with a radial constraint applied along the entire boreriding surface

of both the sabot and armature. Stress plots of the projectile at the time of maximum equivalent stress

are shown in Figures 12-16 for the five acceleration loading profiles. Neither the sabot nor penctrator

reach values exceeding their respective yield values. The results ol the transient analysis show agreement

within 2l of the calculated stress values for the quasi-static analysis runs. Again, it is noted that removal

of the radial displacement constraint would likRlO result in stresses exceeding the sabot material's yield

strength.

Depicted in Figures 16-21 are plots of the stress time history of an element located in the center of 0
the penetrator. These plots reflect the various rise and fall times of the acceleration profiles used as input.

It is noticed that every trace exhibits an oscillatory response following the attainment of peak stress. To

determine whether this is a transient effect due to the unloading of the current through the projectile or

an artifact of element hour-glassing, it is necessary' to calculate the transit time. T. This transit time is

defined by

T = total penetrator length traversed
wave speed of the material

The wave speed for a material is expressed as /E/p . where E is the elastic modulus of the material

and p is its density. For the tungsten penetrator, this results in

T - (2) (3.865 in) 47.3ps

(44xl06 psi) / (0.638lbm/in3

S 386.4
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Figure 18. Stress history of penetrator element subiected to accelerator case 2.
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Figure 19. Stress history of penetrator element subjected to acceleration case 3.
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Figure 20. Stress history of penetrator element subjected to acceleration case 4.
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Figure 21. Stress history of penetrator element subjected to acceleration case 5.
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4 A comparison of the penetrator's calculated wave transit time vs. the response frequency of the rod seen

in Figures 16-21, shows that the oscillations are much slower than the transit time and are thus not X,

attributable to the transient dynamics of the unloading of the current pulse. It is believed that the

fluctuations in stress levels are a result of element hour-glassing effects.

6. CONCLUSIONS

This work laid out a methodology for the analysis of EM projectiles using conventional FE techniques.

A pressure loading on the rear of the armature was utilized to simulate the magnitude of the true

electromagnetic body force. An improvement to the technique would be to incorporate the FE capability

of applying forces directly to internal nodes of the modeled structure. There are currently several codes

written or under development which predict the current distribution through the armature

(Powell et al. 1993) whose results could be applied as input loads for the structural analysis. However,

the technique as demonstrated here provides a relatively good approximation of the loading conditions and

is rather easy to implement.

The analysis effort points out the importance of applying realistic boundary conditions. Utilizing a

radial boundary constraint as typically done for the analysis of projectiles in conventional gun systems can

lead to a faulty design being deemed acceptable. Obviously, such an erroneous conclusion could be

catastrophic. The separation of the rails inherent in the EM guns is of concern to projectile designers and

should be addressed in future analysis work.

Finally, while the transient analysis performed on the projectile during this investigation produced little

difference compared to the quasi-static cases, it is important that the EM projectile designer go through

the process of examining the dynamic loading effects. This becomes especially true as the rod length is

increased and the rise time is reduced, resulting in insufficient time for the oscillations of any stress waves

to decay away. Longer rods mean increased transit times which may lead to amplification of stresses as

they approach the rise time of the acceleration profile. While Bender's work with bare rods has shown

rise times in excess of five times to be of sufficient length to ignore the transient wave effects, others

working with saboted projectiles typically use a factor of ten between the rise time and transit time before

ignoring the wave phenomenon (Hopkins 1993).
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APPENDIX:

DENSITY CALCULATION OF MODIFIED ARMATURE CONFIGURATION
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The EM projectile analyzed in this investigation does not have an axisymmetric cross section as seen

from Figure 2. It was desired to avoid having to use a three-dimensional element model to simplify both 3.

the construction of the projectile geometry and the time required to solve the problem. The adopted

approach was to model the rear armature shown below (Figure A-I) as a cylinder with an equivalent mass.

Since only the rear 0.9 inch (2.29 cm) of the armature is replaced by a cylinder of the same length, there

is no need to worry about a shift in the center of gravity.

The first step was to calculate the weight of the actual armature configuration. This required a

determination of the volume, and in turn, the area of the cross section. The area was determined by

subtracting the area of the penetrator, A,,d, and the area of above the flat, Ag, from the area of the full

cylinder, Afull. of radius 0.452 in (1.15 cm). The areas are calculated as

A -R 2  n-(0. 452 in)2  0.321 in'
2 - 2 n

A rrr 2  7r(0.139 in)2 
- 0.030 in 2

2 2 D 0

Ag R 1 2 (rad A sin A) 1 (0.452 in) 2 (1.92 - 0.94) - 0.100 in 2

where rad A is the radian measure of angle A shown in Figure A-I (Marks 1951).÷ Thus,

m ata•, -AM, - Am - A,,s] Lpu . (A-I)

where L is the 0.9-in length and Pactual is the density of aluminum, 0.98 lb/in3 . Substitution of values into

equation A-I yields a mass of 0.0168 lb (0.00076 kg). Division of this mass by the volume of the full

cylinder minus the rod volume will provide a density for the modified armature geometry. That is.

Marks. L. S. Mechanical Engineers' Handbook. New York: McGraw-Hill Book Company, Inc., 1951.
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3,I

Prmass (A-2)O

P (Am A,.d) L X.

Again, substitution of values into equation A-2 gives a value of 0.064 lb/in 3 (1,770 kg/m 3) which is used

for the armature material in the geometry model.

3 4
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